[1] A three-dimensional Monte Carlo radiation code is used to analyze surface observations of sky radiance at a high latitude coastal site. Observations were made at Palmer Station, Antarctica, under uniform marine stratus clouds during both ice-free and iced-in ocean conditions. The model results using actual snow/ocean area coverage show good qualitative agreement with all-sky images and high spectral resolution radiometer scans. When viewing over the island, toward the northeast, observations and modeling indicate that sky radiance in the visible bands is up to a factor of two greater than for directions toward the southwest, viewing out over open ocean. Owing to a decrease in snow reflectance at longer wavelengths, modeled and observed radiance distributions in the near infrared tend to be much more symmetric. Results of the modeling study indicate that details of the snow BRDF, or island topography, have a very small effect on model predictions. In addition, the model indicates that the angular distribution of sky radiance is fairly insensitive to cloud optical depth (assumed homogeneous) and is independent of cloud height as long as cloud layer thickness is not much larger than the cloud base height.
Introduction
[2] Multiple reflection between the ground and atmosphere enhances downwelling radiation over highly reflective surfaces. When clouds are present, the contribution from multiple scattering is quite significant, nearly doubling irradiance values relative to low albedo surfaces [Gardiner, 1987] . Because multiple reflection between cloud base and surface adds to the photon path length, the albedo enhancement of downwelling radiation varies spectrally when absorbing gases are present below the cloud layer, causing problems for various radiation diagnostics that depend on line ratios ]. Plane-parallel radiative transfer models have been used successfully to model these effects in regions of uniform surface reflectivity. However, the impact of multiple scattering on the radiation environment near an abrupt discontinuity of surface albedo has not been fully explored.
[3] The uncertainty in the strength of the albedo effect at coastal locations casts doubt on the interpretation of radiation observations over the Southern Ocean. Most of what we know about the radiation environment of the Antarctic marine ecosystem has been gleaned from measurements obtained at coastal sites. Due to the scarcity of radiation observations in open ocean areas, radiation data obtained from coastal sites are often used to represent conditions further off shore. A proper extrapolation of conditions far off shore requires a detailed understanding of how cloud and inhomogeneous surface conditions affect local radiation measurements, and furthermore, how albedo-enhanced surface irradiance falls with distance from the coast.
[4] Several studies have explored this issue using 3-D radiation models. Degunther et al. [1998] used a 3-D discreet ordinate model to analyze a variety of hypothetical snow cover scenarios under cloud-free conditions. They determined that predictions of UV irradiance may be affected at a 3% level by the distribution of surface albedo at distances greater than 40 km. These results are similar to the findings of Lenoble [2000] , who examined the influence of inhomogeous surface reflectance on the zenith radiance for a range of atmospheric turbidity, again assuming clear sky conditions. In studies directly relevant to the Southern Ocean, Podgorny and Lubin [1998] and examined the surface irradiance distribution for the coastal region near Palmer Station, Antarctica. Both modeling studies used Monte Carlo techniques and assumed horizontally uniform cloud cover. The inclusion of surface topography and non-Lambertian snow bi-directional reflectance distribution function (BRDF) in the latter study did not significantly affect their results. Both groups found that the radius of influence of the albedo effect is greater near the center of a large high-albedo surface than over an extensive dark region. On the basis of calculations with low clouds (1 km altitude) they found that any dark surface within a 7 km radius can lower the irradiance below the value expected for a uniform snow covered region. In contrast, irradiance values close to that expected from a uniform ocean surface are obtained at off shore locations more than about 2 km from the coast.
[5] Though there seems to be a consensus in the modeled results, in situ observations are required to verify that the actual radiation environment matches the theoretical predictions. Some preliminary work in this direction has already been performed. In a combined observation and modeling study, Smolskaia et al. [1999] performed UV irradiance transects perpendicular to an ice/water boundary near Davis Station, Antarctica. Their observations during overcast conditions are in rough agreement with theory. But under clear skies their observations over the ocean seem to indicate that the asymptotic value of surface irradiance is achieved just 2.5 km from the ice edge, much closer than theory predicts. Unfortunately, observations did not extend to further than about 3 km from the ice edge. Commenting on the Smolskaia et al. result, Mayer and Degunther [2000] point out that such a small baseline may be insufficient to establish the limiting values of irradiance far from the ice edge. This controversy highlights the difficulty associated with this observational test of the albedo effect; obtaining a long baseline (%10 km) radiation transect in Antarctica is fraught with logistical difficulties, not least of which are the hazards associated with taking a small boat far out into perilous seas.
[6] Another approach, which we pursue in this study, is to base the comparisons on the sky radiance distribution viewed from a fixed vantage point. The variation of sky brightness due to changing surface reflectance is a well known phenomena in polar seas. To mariners it is known as ''ice blink,'' and has been used as an aid for finding open leads when navigating through pack ice. Under conditions of uniform cloud cover and ice-free ocean the sky brightness distribution at a coastal site should show a pronounced gradient that mirrors the underlying surface albedo distribution.
[7] The capability to accurately model the sky brightness distribution is an essential step towards correct interpretation of radiation observations obtained at coastal sites. In this study we will attempt to reconcile the observations made with a narrow field of view spectrometer with a detailed 3-D radiative transfer model, which is described in section 2. In section 3 partial validation of the model is obtained by comparison with a detailed 1-D model. In addition, aspects of the physical environment that affect the radiance distribution are examined with 3-D model calculations. The sky radiance observations are described in section 4 and compared to model predictions in section 5. Finally, our summary and conclusions are presented in section 6.
Radiation Model
[8] The 3-D radiative transfer results presented in this study are based on the SAMCRT (Surface Atmosphere Monte Carlo Radiative Transfer) model described by . In this section we provide a brief overview of the model and describe new techniques we have implemented to increase the accuracy and speed of radiance computations. In the interest of brevity, we do not provide a full description of the Monte Carlo methods used in SAMCRT. Instead the interested reader is referred to Marchuk et al. [1980] , who present a comprehensive introduction to the application of Monte Carlo techniques to problems in atmospheric radiative transfer.
Surface Model
[9] In SAMCRT the surface interaction is modeled explicitly. The surface grid includes topographic information of the southwest corner of Anvers Island over a 50 Â 50 km square centered on Palmer Station (Figure 1 ) and sampled at 1 km horizontal resolution.
[10] The vertical placement of surface elements conforms to the topography of the island (British Directorate of Overseas Surveys, 1963) . The trajectory of a reflected photon depends on the surface type (e.g. snow or ocean) and the slope of the surface element at the point of incidence. For reflection from ocean areas we assume that the reflection is Lambertian and that 5% of the incoming energy is carried off by the reflected photon, the rest being absorbed. For surface facets representing snow the reflectance function is based on computational results from a discrete ordinate radiative transfer (RT) model [Li, 1982, Wiscombe and Warren, 1980] . These computations assume a flat, semi-infinite snow layer composed of clean, fresh snow with a nominal effective radius of 100 mm. For typical snow densities a snow layer greater than 10 cm is thick enough to be considered semi-infinite. So even a small accumulation of new snow over a rock or ice surface satisfies this assumption.
Atmospheric Scattering
[11] In most 3-D Monte Carlo radiation models the interaction of photons with cloud droplets is treated in detail. Aggregate behavior is recovered by following a large ensemble of photons through a long sequence of individual cloud scattering events. Since our intent is to explore the radiative effects of surface heterogeneity below horizontally uniform clouds, we avoid many of the computational steps required in standard Monte Carlo models by lumping together the multitude of interactions that take place within the cloud into a single probabilistic computation that specifies the new trajectory of the reflected or transmitted photon. Because the cloud has no horizontal variation, these probabilities may be derived from the radiance distributions predicted by a plane-parallel RT code ]. This ''lumped cloud'' approach reduces the number of computational steps by approximately an order of magnitude (depending on cloud optical depth) and makes it more practical to use the model in sensitivity studies.
[12] In our implementation we use a discrete ordinate code (DISORT [Stamnes et al., 1988] ) to generate a database of the radiance profiles for direct beam illumination along 20 incident angles between 0 and 90 degrees. This table is used to generate probability functions for the outgoing zenith and azimuth angles associated with transmitted or reflected photons. The micro-physical properties of the cloud layer is one of the largest uncertainties in our analysis. It is likely that ice and mixed phase clouds were present during some of our observations. However, since no diagnostic is available to indicate the presence of ice particles, we assume the clouds are composed of liquid water droplets with a 10mm effective radius (the ratio of the third and second moments of the particle size distribution). These micro-physical properties are at least consistent with the observations of stratus clouds at McMurdo Station, Antarctica made by Saxena and Ruggiero [1990] . The radiative scattering parameters (volume extinction coefficient, single scattering albedo, and phase function moments) are computed using the Mie scattering algorithm described by Wiscombe [1980] .
[13] Since the behavior of the cloud is derived from a plane-parallel model, this approach does not provide any information about horizontal diffusion within the cloud. Our original model completely ignored horizontal transport, placing the reflected or transmitted photon at exactly the same horizontal position as where it first came into contact with the cloud. This assumption should be valid if the mean horizontal displacement of photons reflecting between cloud and surface is much larger than the mean displacement that takes place within the cloud. In the context of surface irradiance distribution, Podgorny and Lubin [1998] conclude that this is in fact the case for typical stratus clouds, provided cloud thickness is not greater than cloud base height. We will return to this question in section 3.2, where we present a comparison of radiance predictions using the lumped cloud approach versus the standard detailed interaction method.
[14] Since Rayleigh and aerosol scattering are not restricted to a given layer in the atmosphere, the scattering mechanisms can not be treated using the same lumped interaction approach. In SAMCRT, a photon may undergo a Rayleigh or aerosol scattering anywhere in the atmosphere. The distance to the next scattering event along the current photon trajectory is derived from
where RN is a uniform random number in [0,1), z 0 is the current altitude, m is the cosine of the photon path zenith angle, and t(z) is the total optical depth due to both aerosols and Rayleigh scattering. An aerosol or molecular scattering occurs if the distance, (z À z 0 )/m is less than the distance to the next cloud or surface interaction. If this is the case, the photon is scattered to a new direction using either the Rayleigh or aerosol phase function, chosen randomly in proportion to the ratio of the Rayleigh to aerosol opacity at the scattering altitude. [15] In SAMCRT the energy carried by a photon (i.e., the photon weight) is continuously reduced by a factor related to the amount of absorbing gas traversed. The gas absorption is computed using correlated-k fits generated from the HITRAN96 database [Rothman et. al., 1998; Yang et al., 2000] . In applying the correlated-k method, the spectral region of interest is divided into a small number (usually less than 20) of intervals, df i , that represent fractions of the total equivalent width (AEdf i = 1). Within each interval an absorption coefficient, k i (z) is computed for the entire vertical extent of the atmosphere. One advantage of the correlated-k approach is that within each of these bins, the gas attenuation approximately follows Beer's law. As a photon travels through the atmosphere it accumulates optical depth within each of the correlated-k bins. Between each scattering event the trajectory of the photon follows a straight line, and the accumulated optical depth after the j'th scattering is given by,
Gas Absorption
where m m is the cosine of the propagation zenith angle between the m À 1 and m'th scattering and t i (z) is a precomputed table of vertical optical depth profiles within each correlated-k interval,
The corresponding energy weight of the photon after the j'th scattering is the product of the attenuation caused by interactions with the surface, clouds or aerosols, and the weighted sum of gas attenuation:
where w m is the single scattering albedo or reflection/ transmission factor due to the m th scattering with aerosol, surface or (lumped) cloud.
Monte Carlo Radiance Calculation
[16] Standard Monte Carlo techniques, which attempt to follow the trajectories of solar photons entering the top of the atmospheric volume, are not well suited to the computation of radiance distribution at a specific sensor location. In a realistic treatment of this problem, one must assume the sensor area is a very small fraction of the entire surface area that affects the radiance at the sensor. Therefore, a huge number of injected photons are required to obtain sufficient statistics to compute the radiance for several hundred separate viewing directions. Much greater computational efficiency is achieved by the backward propagation technique [Gordon, 1985] , which relies on the time-reversal symmetry of the radiative transfer equation, (also known as the Principle of Reciprocity). Using this approach, photons are injected into the atmosphere from the sensor location, precisely along the directions at which radiance estimates are desired. An injected photon is given an initial unit weight that is consequently reduced, as discussed above, by interaction with gas, aerosols, clouds and surface. The photon is followed until it leaves the top of the atmosphere. At this point, standard Monte Carlo techniques would accumulate statistics only for those photons that leave the top of the atmosphere in the direction of the sun, a small fraction of the total number of escaping photons. We obtain an additional computational economy by using the method of expected values [Gordon, 1985] , which accumulates from each scattering event (surface, lumped cloud, Rayleigh or aerosol) a contribution to the radiance in the sun-ward direction. The final step, after all scattering contributions are totaled, is to use the Principle of Reciprocity to relate the radiance at the sensor to the computed estimate of radiance directed toward the sun. Using both the methods of backward propagation and expected values allows radiance profiles to be computed accurately while tracking the trajectories of a minimum number of photons.
Comparison With a 1-D Radiative Transfer Model
[17] The modeling approach described above may be partially verified by comparing results for a strictly uniform and plane-parallel surface and cloud configuration with predictions from a 1-D model.
[18] Figure 2 shows model predictions for surface radiance as a function of viewing zenith angle for several cases, assuming uniform Lambertian surface albedo and uniform stratus clouds. The 1-D results are computed by SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer) ], a detailed plane-parallel radiative transfer code based on the DISORT [Stamnes et al., 1988] radiative transfer module. For the two low albedo cases, with cloud optical depth 15 and 30, photons that undergo multiple scattering between surface and cloud make a small contribution to the radiance. Hence, for these two cases the agreement with the 1-D model indicates that the lumped cloud probability and phase functions have been correctly generated and used. If the surface albedo and molecular and aerosol scattering had been set to zero, then the only contribution to the radiance comes from a single interaction with the lumped cloud layer. As described in section 2.2, the radiance contribution is found from a table look up on the 1-D radiative transfer results. Thus, in this very simple case, using even a single photon in each viewing direction would have been sufficient to re-generate the radiance profile below the cloud layer. A more stringent test is provided by the model runs using 0.9 surface albedo. In this case the operation of the Monte Carlo model is more thoroughly tested, as it must track photons through multiple interactions with the cloud and surface, and the occasional molecular scattering. For these runs many more photons, about 10,000 in each viewing direction, are required to capture the radiance profile.
[19] In these model comparisons, the discrepancy between the Monte Carlo and plane parallel models is typically well below 1%, but can be as large as a few percent for the case of low surface albedo and large optical depth and viewing zenith angle. This level of disagreement is negligible compared to other sources of uncertainty when comparing to observed radiance distributions.
Cloud Diffusion
[20] The lumped cloud approach used in SAMCRT implicitly assumes that horizontal diffusion within the cloud layer is negligible compared to the large single-step displacements that take place below the cloud. This assumption may be evaluated by comparison with a SAMCRT model run that uses the detailed cloud treatment. As a simple test case we consider radiance predictions at the center of a large 320 x 320 km grid. An ocean or snow surface albedo is specified for the left (x < 0) and right (x > 0) half of the grid, respectively. Though SAMCRT uses cyclic boundary conditions, the outer boundary of the grid is 160 km from the center and boundary effects should have minimal influence. This simulation should be very similar to a semi-infinite case with ocean albedo for x < 0 and snow albedo for x > 0.
[21] Figure 3a shows results for a case with a uniform cloud layer between 1 and 2 km altitude. For this comparison, three different treatments of the cloud interaction were used. First, we used a detailed computation that includes the full effects of horizontal diffusion. This calculation uses standard Monte Carlo techniques to follow photons as they interact repeatedly with cloud droplets (black line, with diamonds). The second calculation uses the lumped cloud parameters discussed in section 2.2, which completely ignores the effect of horizontal diffusion within the cloud (black). A third approach uses statistical results from the detailed calculation to characterize the horizontal transport (gray). Two pre-computed probability distribution functions, P r (dx, dy; q) and P t (dx, dy; q) are generated by gathering statistics for reflected and transmitted photons originally injected into the cloud layer for a range of incident angle, theta. The functions P r and P t provide the probability distribution of horizontal displacement (dx, dy) expected for reflected or transmitted photons, respectively.
After each cloud interaction a random horizontal displacement is generated using these distributions.
[22] The radiance predictions for this test case indicate that the effect of horizontal diffusion is in fact quite small. The three methods produce very similar results. The detailed treatment shows slightly depressed radiance for viewing directions over the snow, and slightly enhanced radiance over the ocean. This behavior is consistent with the notion that horizontal diffusion within the cloud is allowing additional leakage of photons from the bright area over the snow into the darker ocean region. For this test case the difference between the two lumped cloud calculations are barely discernible.
[23] Figure 3b shows results for a case where the cloud layer thickness is maintained, but the cloud base height is lowered to 0.1 km. According to the results of Podgorny and Lubin [1998] , and Marshak et al. [1997] , this cloud placement should reduce the effectiveness of horizontal transport below the base, but retain the levels of horizontal diffusion within the cloud. This case produces a greater difference between the detailed and the pure lumped cloud treatments of cloud interaction. As before, the detailed approach produces a smaller (larger) radiance over the snow (ocean). However, the diffusion correction appears to remove most of the inadequacies of the lumped cloud method. The remaining difference between the detailed and corrected lumped method is probably due to statistical correlations that are not captured by the simple probability distributions P r and P t . Note that the lumped cloud treatment without diffusion produces the same angular distribution of radiance for cloud base height of either 1 or 0.1 km. Geometric considerations and additional numerical simulations indicate that the radiance distribution is insensitive to cloud base height whenever horizontal diffusion within the cloud is negligiable, that is when the cloud thickness is smaller than the cloud base height. Cloud base heights as low as 0.1 km will not be used in the observational comparisons. However, we intend to explore the effect of island topography. A smaller effective cloud base height over the highland areas could potentially increase the importance of diffusion within the cloud. Since the computational overhead of computing the cloud diffusion correction is quite small, we have included it in all following computations.
Effects of Snow Distribution, Topography, and Snow BRDF
[24] To understand which features of the physical environment affect the radiance distribution, we performed a set of model runs for different surface reflectance assumptions. For these calculations, SAMCRT was used to compute the radiance on an array of 12 azimuth and 9 zenith viewing angles. Statistics for each viewing direction were accumulated until the standard deviation of 100 sub-samples dropped below 0.1% of the mean radiance. The solar azimuth and zenith were set to À55 and 52 degrees, respectively, approximating the conditions for which the radiance observations were obtained. A uniform cloud layer of optical depth 30 was assumed. All calculations were performed at a wavelength of 0.5 mm.
[25] Figure 4 shows radiance predictions for four surface reflection scenarios. The two upper panels show the radi- reflectance, while the upper right hand panel shows results for a snow BRDF computed from 1-D radiative transfer assuming 100 mm snow grains. The BRDF was reduced uniformly in all directions to match the 0.9 albedo used in the Lambertian simulation. Including the non-Lambertian BRDF in the simulation appears to increase the radiance over the glacier, but the increase is too small to be of practical importance.
[26] The calculations illustrated in the lower two panels use the actual distribution of snow covered area appropriate for the region near Palmer Station, as shown in the lower inset image. Both calculations assume non-Lambertian BRDF, but the results shown on the lower right include the effect of island topography, while the run illustrated on the lower left places all surface features at sea level. The surface grid reaches a maximum altitude of about 300 meters, at approximately 10 km northeast of the station. Including the topography reduces the radiance in viewing directions over the glacier (30 degrees northeast) by a few percent. This small decrease is caused by enhanced horizontal diffusion below the cloud in the direction of greater spacing between the cloud and surface. Model calculations by indicate that this same effect reduces the surface irradiance over glacial highlands in a similar surface and cloud configuration.
[27] A comparison of the results in the upper panels to those in the lower panels suggests that the effects of either snow BRDF or island topography produce much smaller differences than those induced by the the shape of the snow covered area far from the sensor. This is particularly evident viewing toward 120 degrees South-East or 330 degrees North-West, where the convex shape of the coast is mirrored by significantly reduced sky brightness in those directions.
Spectral Properties
[28] Radiance observations limited to visible wavelengths do not provide enough information to distinguish the surface albedo effect from sky radiance variations caused by non-uniform cloud cover. If a particular observation failed to show any brightening over the glacier, it could be ascribed to thicker clouds over the island. Averaging over many observations where stratiform clouds are present would not help remove this uncertainty, since the spatial distribution of cloud opacity may be correlated to island orography. Fortunately, snow reflectivity is much smaller at longer wavelengths, and a set of observations at selected wavelengths in the visible and near infrared (NIR) may be used to distinguish the effects of cloud inhomogeneity.
[29] Figure 5 shows sky radiance predictions for 414 nm, 861 nm, 1040 nm and 1620 nm, assuming a spectral albedo appropriate to snow with 100 mm grain size, and a uniform cloud of optical depth 30 at 550 nm. For the wavelengths considered in these runs, the spectral albedo decreases monotonically with longer wavelength, and has values 0.98, 0.90, 0.75 and 0.10. The low surface albedo in the 1620 nm channel ensures a very small radiance contribution from photons that interact from the surface. The spectral variation of the cloud scattering properties tends to further restrict the area of influence of the 1620 nm radiance compared to the shorter wavelength channels. This is due to a larger single scattering co-albedo (e.g., 1 À w 1620 = 0.004 versus 1 À w 861 = 0.00003) that tends to quench the multiple scattering effect. The extinction efficiency of the 1620 nm channel is also about 5% larger than at visible wavelengths, but such a small shift in extinction optical depth is unlikely to have much effect on the radiance distributions. As expected from these considerations, the model runs show progressively less albedo effect for longer wavelengths, with almost no brightening predicted in the NE direction for the 1620 nm channel. This insensitivity to surface condition makes the 1620 nm channel a useful indicator of cloud homogeneity.
Site Description and Data Acquisition
[30] The sky radiance observations were made at Palmer Station, Antarctica, located on the southwest coast of Anvers Island (64°46 0 S, 64°05 0 W). Observations were made over several days in November and December of 1999, and were selected for periods of uniform overcast skies. In the earlier part of this time period the ocean area adjacent to the station was nearly 100% ice-free. During early November the area experienced frequent snow fall, and daily hightemperatures just above freezing. The later weeks of November and early December brought slightly warmer temperatures, but a persistent southwest wind pushed a large area of brash ice around the station.
[31] Figure 6 shows the distribution of surface reflectance representative of these two sea ice regimes. The photographs were obtained from an altitude of about 800 meters, using a balloon borne digital camera with a 180 degree fish-eye lens.
[32] Scans of sky radiance were obtained with an Analytic Spectral Devices (ASD) FieldSpec Pro FR spectroradiometer. This instrument has a 0.35 -2.5 mm spectral range with three nanometer resolution between 0.4 and 1.0 mm, and 10 nm resolution in the near infrared region between 1.0 and 2.5 mm. The radiant input to the instrument passes through a 1.4 meter fiber optic input cable fitted with a 1°field-of-view fore optic. All sky radiance data was obtained at approximately the same time, within a 1 or 2 hour period close to 15:00 local time. The radiance scans were made in a vertical plane, perpendicular to the solar principal plane, with stops at 15 degree intervals in zenith viewing angle. This scanning plane is aligned along the major gradient of the surface albedo, with the main part of the snow covered island to the northeast and the ocean to the southwest.
[33] The digital camera was used to obtain whole sky images before and after each ASD radiance observation. Though these images were not rigorously calibrated spectrally, they provide a useful qualitative measure of the accuracy of the model calculations.
[34] For example, Figure 7 shows the radiance distribution for the camera's blue and red channels on day 324, a day with uniform stratus cover and a lack of ocean ice. Contours of constant radiance were added to aid in comparison to computational results. Overall, the shape of the radiance contours are in very good agreement with the modeled radiance distributions shown in Figure 5 .
Comparison With Model Predictions
[35] Figure 8 shows observed sky radiance for the 414 nm, 861 nm, 1040 nm and 1620 nm channels. To remove uncertainties due to the radiometric calibration of the instrument, sky radiance is normalized to the observations in the zenith direction. In these plots negative values of zenith angle indicate a viewing direction over the ocean. Data for all the cloudy day scans are shown. As demonstrated in section 3.4, low values of snow reflectance in the near IR should produce very little sky brightening over the island. Therefore large deviations from symmetric profiles in the 1620 nm channel are probably a result of large horizontal gradients in the cloud optical depth. This implies that days 333 and 335 (indicated with the gray square and diamond), which are outliers in the NIR profiles, should be excluded from consideration when testing for the surface albedo effect. The observations can be further separated into two groups: days for which the ocean area is ice-free (black symbols) and days for which the ocean area is filled with brash ice (open symbols). The degree of brightening over the island (in the direction of ''positive'' zenith angle) in the visible channels is seen to be much less when brash ice is present. This observation is consistent with the notion that the brightening is caused by the surface albedo contrast at the coast.
[36] To test this hypothesis, we used SAMCRT to compute the sky brightness distribution expected for horizontally uniform cloud cover. In the calculations shown in Figure 8 cloud optical depth was set to 15 (black lines) and 30 (gray lines). The surface albedo over the island was set to the theoretical value for pristine snow with effective radius 100 mm [Wiscombe and Warren, 1980] . The brash ice over the ocean area was set to 80% of the island's albedo, in accord with the balloon images. To test the model's sensitivity to the purity of the snow, another set of runs were performed with the surface albedo of both the island and brash ice multiplied by 0.9 (this multiplier will hence forth be referred to as the albedo factor). These are indicated with the dotted black and gray lines for the t = 15 and t = 30 cases, respectively. The model simulations indicate that the effect of cloud optical depth variation or small variations in the snow albedo introduce rather small uncertainties in the predicted sky radiance profiles when the overall albedo is high and the coastal albedo contrast is small. The model predictions are in fairly good agreement with the observations on the two days for which ocean ice was present. On day 339, the match is particularly good in the 414 nm channel, almost exactly tracking the model predictions for the case of optical depth 15 and pristine snow. For day 340, the model predictions tend to underestimate the ratio of the radiance over the island (at 60°) to that over the ocean (at À60°), a quantity henceforth referred to as the radiance contrast. However, the radiance contrast is underestimated by about the same factor in all of the spectral channels, including the 1620 nm channel. Since this channel should be insensitive to surface albedo, this result implies a slightly reduced cloud optical depth over the island on day 340.
[37] For comparison we compute the radiance for ice-free conditions, using an albedo of 0.05 for the ocean area around the island, and using the same island albedo and cloud optical depth as in the previous computations.
[38] Figure 9 shows results of these simulations compared to the observations. As expected, changing the off-shore albedo had no effect on the predictions in the 1620 nm channel. For the other channels, the simulations predict smaller radiance levels over the ocean than observed on any of the days for which the ocean was ice-free, though the observations on days 324 and 328 were only slightly brighter. Decreasing the albedo of the snow by 10% (keep- Figure 8 . Modeled and observed radiance for a vertical viewing plane roughly perpendicular to the coast, aligned with the 35°compass direction. Two model calculations are used in this comparison: a case with cloud optical depth 15 (black) and one with optical depth 30 (gray). Both calculations assumed the albedo of the ice-covered ocean area was 80% of the island's albedo. The island albedo was set to the value for pristine snow of grain size 100 mm (black) or 90% of that value (dotted). Negative zenith angle indicates a viewing direction over the ocean (azimuth = À145°).
ing the ocean albedo constant) tends to increase the ocean radiance only slightly, but decreases the island radiance significantly. Over the island, the ice-free observations were contained within the predicted range, assuming the actual optical depth was between 15 and 30, and allowing for variation in snow albedo (albedo factor 1.0 and 0.9). For all but the 410 nm channel, the spectral albedo of snow is a fairly sensitive function of grain size. It does not appear, however, that an increased snow grain size can explain the model's underestimate of the radiance over the ocean. The 10% downward perturbation in snow albedo is equivalent to the greater absorption caused by snow grains of size 420 mm, 187 mm, and 118 mm, for the channels 861 nm, 1040 nm and 1620 nm, respectively. The fairly constant observed/ model ratio over the ocean for the 414 nm, 861 nm and 1041 nm channel could not be repaired by changing only snow grain size.
[39] An aerosol optical depth of zero was used in the calculations illustrated in Figures 8 and 9 . In the vicinity of Palmer Station sources of atmospheric turbidity are small and visibility is typically very large (greater than 50 km). However, when high winds are present production of marine aerosol is greatly increased and visibility plummets. The wind velocity was less than 10 km/s on each of the days for which radiance scans were obtained. However, we have no independent measure of the aerosol visibility with which to verify that the aerosol optical depth was small. To determine the sensitivity of our results to turbidity, we simulated the radiance distribution expected for a case with a uniform marine aerosol layer between the surface and the bottom of the cloud layer. The total aerosol optical depth was set to 0.2 (visibility = 10 km) at 0.55 mm with an Angstrom coefficient of 1 used to extrapolate to our set of modeled wavelengths. The aerosol single scattering albedo was set to 0.98 for all channels except the 1620 nm channel, which was set to 0.75 in agreement with the Shettle and Fenn [1975] marine aerosol model. The aerosol scattering phase function was assumed to follow the Henyey-Greenstein form [Henyey and Greenstein, 1941] with an asymmetry factor of 0.8 used for all channels.
[40] Figure 10 shows results for an ice-free ocean, with and without the aerosol layer. Over the ocean, the aerosol layer has very little effect on the brightness predictions of the 414 nm, 861 nm or 1040 nm channels. The 1620 nm channels shows at most a 1.3% reduction in brightness, viewing either over the ocean or island. Reduced radiance in either viewing direction is probably due to the smaller aerosol single scattering albedo used for this channel. The aerosol layer has its most noticeable effect in decreasing the brightness predictions over the island by a few percent for the 414 nm and somewhat less in the 861 and 1040 nm channels. These results are consistent with the idea that the aerosol layer limits the horizontal range of photons reflecting between surface and cloud. As pointed out in , the effective diffusion distance of photons scattering between the ocean and cloud is much less than that between snow and cloud. This causes aerosol scattering to have a larger impact over snow than over ocean. But in any case, the effect of including a moderately thick aerosol layer is seen to be negligible compared to the observed range of radiance variation.
[41] The simulations presented thus far have been based on the assumption of cloud homogeneity. As mentioned previously, measurements in the 1620 nm channel suggest that substantial gradients in the cloud optical depth were present on each of the observation days and were fairly large on days 333 and 335. While the lumped cloud approach used by SAMCRT is not designed to treat cases where cloud opacity varies arbitrarily from point to point, it is never-the-less possible to use SAMCRT to evaluate how mild gradients in the cloud optical depth affect the distribution of sky-radiance. As long as the length scale of cloud opacity variation is much greater than the horizontal diffusion length within the cloud, the cloud-photon interaction may be treated with spatially varying reflectance and transmission functions (as in section 3.2) tied to the local value of the cloud optical depth. From explicit Monte Carlo calculations we find the median diffusion length for photons reflected from the cloud layer to be between 0.5 and 0.9 km for the visible channels and somewhat less for the NIR channels. Hence, SAMCRT may be used to treat cloud optical depth variations of several percent over a horizontal distance of a few kilometers.
[42] To limit the range of possible 2-D distributions, we consider a case where the cloud optical depth is a function of the height of the underlying island surface. Over ocean the cloud optical depth is held constant at either 15 or 30, while over the island the cloud optical depth ramps up linearly to a maximum increase of 10% for locations where the height of the island's surface is greater than 80 meters. The pattern of enhancement is meant to roughly mimic the increased amounts of cloud liquid water generated by Figure 10 . Effect of including a thin aerosol layer between surface and cloud. Nominal runs same as Figure 9 (solid black and gray for t = 15 and t = 30, respectively). adiabatic lifting of moist air parcels convecting over the island's surface. The amount of optical depth increase is chosen merely to test the sensitivity to cloud inhomogeneity, since an independent estimate the actual cloud liquid water distribution is not available.
[43] Figure 11 shows results for the nominal case with constant cloud optical depth of 15 and 30 (solid black and gray lines), compared to the simulations including this cloud orography effect (dotted black and gray lines). Including the cloud gradient increases the radiance over the ocean in the 414 nm, 861 nm and 1040 nm channels by only 1% or 2%, less than required to bring the 414 nm and 861 nm predictions into close agreement with the observations on ice-free days. The same cloud gradient assumption produces much greater variation in the 1620 nm channel, about 5% and 10% for the optical depth 15 and 30 cases, respectively. This difference in optical depth sensitivity is due to the smaller value of cloud droplet single scattering albedo in the 1620 nm channel, and provides a plausible explanation for the greater variability of observed sky radiance in the 1620 nm channel. This extra sensitivity has also prevented us from finding a horizontal cloud distribution which simultaneously matches both the near infrared and visible channels on ice-free days. The predictions from the model can be made to match the observed radiance profile over the ocean in the 414 nm channel by assuming a cloud optical depth of about 15 over the ocean, ramping up to 30 over the island. But this cloud distribution causes the computed 1620 nm radiance to be about 20% too high over the ocean and 20% too low over the island. It should be noted, however, that we have only tried horizontal cloud liquid water distributions that vary according to the island topography, that is, with a gradient that runs roughly perpendicular to the coast. It may be possible to match all the data with other more general horizontal variations.
Conclusions
[44] Most of the radiation measurements made in the Southern Ocean have been obtained at coastal locations. When the ocean area is ice-free, the radiation environment in these locations are significantly affected by the sharp transition from high to low surface albedo. Even when considering cases of uniform cloud optical depth, the albedo Figure 11 . Effect of increasing cloud optical depth over island by 10% (dotted black and gray for t = 15 and t = 30, respectively). Nominal runs same as Figure 9 (solid black and gray for t = 15 and t = 30, respectively).
contrast invalidates the use of plane-parallel radiative transfer models, and requires detailed consideration of the horizontal albedo distribution in order to estimate either the off shore surface irradiance or the angular distribution of sky radiance at the observation site.
[45] In this study, we seek to verify the accuracy of our 3-D Monte Carlo radiation model by comparing its predictions with all-sky photographs and radiance observations made with a narrow-field-of-view spectroradiometer. Observations were made under both ice-free and iced-in ocean conditions. In either case, the model results using actual snow/ocean area coverage show good qualitative agreement with the all-sky images and the spectroradiometer scans. In the visible part of the spectrum, the high contrast between snow and ocean reflectivity causes the radiance over the island to exceed the brightness viewed over the ocean by more than a factor of two. Observations are also consistent with the model predictions that the degree of brightening over the glacier drops in the near infrared due to the drop in the snow reflectivity at longer wavelengths. Radiance observations in the 1620 nm channel are therefore quite valuable for determining when the horizontal distribution of cloud optical depth is sufficiently uniform to test the albedo contrast effect. Results of the modeling study indicate that details of the snow BRDF or island topography have a very small effect on model predictions. In addition, the model predicts that the brightening factor is fairly insensitive to cloud optical depth (assumed homogeneous) and is independent of cloud height as long as cloud thickness is not much larger than the cloud base height.
